We demonstrate a technique that allows the optical imprinting of waveguides in the bulk of photorefractive crystals without resorting to nonlinear beam dynamics, self-focusing, or solitons, making use of the beam reshaping properties of the pattern deposited by the intensity distribution of a diffracting Gaussian beam. The procedure is made possible using a polarization-resolved scheme that, in distinction to previously reported methods based on temperature cycles, can be implemented in ferroelectrics both in the polar and in the centrosymmetric phase.
Introduction
Spatial solitons are able to produce guiding structures in the volume. These form in a large variety of photonicsoriented materials, such as electro-optic, quadratic, Kerrlike, and liquid crystals [1] . Solitons form beams that penetrate into the volume without suffering distortion or spreading, and can guide actively or passively signal-bearing beams as if a waveguide were present.
In distinction to fabricated waveguides, the nonlinear balance underlying self-trapping vests the waves with specific mechanical-like dynamical properties, such as soliton-soliton interaction forces [2, 3] . This can in some cases make soliton-based strategies inappropriate. This is the case, for example, when compact highly miniaturized electro-optic circuits are formed on the basis of photorefractive solitons [4] [5] [6] . Here, even the writing of a directional coupler implies the complex features of a two-soliton interaction [7, 8] . This can lead to attraction/repulsion [9] , fusion [10] , or even spiralling [11] . The point is that when the tails of the solitons overlap, the particle-like nature of the wave imposes propagation dynamics. In turn, it is in these very conditions that mode-coupling and switching of passively transported beams becomes more efficient [7, 12, 13] .
Like all soliton-based circuits that allow for quasipermanent imprinting, the technique requires a two-stage process: a writing phase, during which part of the beam is absorbed and generates a space-charge distribution; and a read-out phase, during which beams that are either much less intense or at non-absorbed near-infrared wavelengths are launched and propagate in the previously written pattern without modifying it. In general, the first writing phase leads to nonlinear beam dynamics and, in specific conditions, to solitons. Since the imprinted space-charge is able to guide during the read-out phase, it will also affect propagation during the first writing stage and hence lead to nonlinear dynamics (optical self-action). This is typical of light-based waveguide writing techniques deep into the volume, and is termed selfimprinting or self-writing [14] . This, however, is not a necessary condition. In conditions in which the displaced charge remains fixed unless optically excited, writing and readout occur in two sequential phases. This means that if the optical response to the space-charge field building up during writing can be deactivated and subsequently reactivated to allow functional read-out, self-action can be wholly avoided. The question naturally arises as to how an optically written structure that does not lead to self-trapping and hence is produced by a diffracting beam can in fact give rise to a waveguide.
In a recent study we have shown how the volume pattern imprinted in a photorefractive crystal by a diffracting Gaussian beam that suffers no self-focusing or self-action at all during propagation can in fact trap and guide a second beam passively through the sample [15] . In the experiment, the optical response was temporarily deactivated during the writing phase by heating the sample, and reactivated in the read-out phase by cooling it. This was made possible using the dielectric anomaly of near-transition paraelectric potassiumlithium-tantalate-niobate (KLTN) [16] . KLTN supports a large variety of linear and nonlinear beam effects, such as one-dimensional [17] and two-dimensional solitons [18] , also providing electro-optic beam handling [19] , which is a feature shared by organic photorefractive glass [20] and nanopoled strontium-barium-niobate (SBN) [21] . This accepted, the reported solution cannot be extended to crystals that operate deep in the ferroelectric phase, such as all common poled ferroelectric photorefractive crystals like SBN, barium-titanate (BaTiO 3 ) and potassium-niobate (KNbO 3 ).
In this paper we demonstrate the writing and read-out of waveguides through only linear beam dynamics using a polarization scheme. This is demonstrated in KLTN by making use of the tensorial nature of the electro-optic response [22] rather than the features of the dielectric anomaly, providing a technique that can also be extended to the large variety of commonly used photorefractive crystals that are noncentrosymmetric at room temperature. The result means that volume waveguides can be written without resorting to nonlinear beam dynamics and hence avoids all soliton-like dynamics that complicate multi-waveguide imprinting. The waveguides can thus be written in a simple and reproducible manner even for compact geometries typical of mode-coupling devices.
Experiment and results
The experimental setup is illustrated in figure 1 . A He-Ne laser operating at λ = 543 nm is expanded and then focused onto the input facet of a 2.4 mm
zero-cut sample of vanadium-and copper-doped KLTN, kept at a constant temperature of T = 19
• C, 5
• C above its Curie temperature, with a low-frequency relative dielectric constant r 1.9 × 10 4 and background index of refraction n b 2.35. The linearly polarized laser beam is launched through a λ/4 waveplate and the direction of the transmitted linear polarization is selected at an angle θ with respect to the x axis by an adjustable polarizer. The input and output intensity distributions are imaged through a collecting lens onto a CCD camera that allows fast image elaboration. The crystal is biased by a voltage V along the x-direction through two electrodes deposited on the x-facets. The beam is a fundamental Gaussian mode of input intensity full-width-at-half-maximum (FWHM) x = y = 7.5 μm (see figure 2(a) ), and propagates along the z direction. For V = 0 the beam diffracts linearly to a x = y 15 μm ( figure 2(b) ).
In the standard scheme for observing self-trapping, the beam is linearly polarized with θ = 0 along the x-direction, parallel to the bias external field, so that the electro-optical response is n = −(1/2)n , and E is the prevalently x-directed electric field in the sample at the given position, the product of the external bias associated with an applied V = 1.1 kV and the light-induced space-charge distribution. The response slowly accumulates in time and, for a beam power of 800 nW measured after the crystal, a transient or quasi-steady-state soliton forms in a characteristic time of t s 45 s ( figure 2(c) ). The round output soliton FWHM is x y 6 μm, which is slightly tighter than the input. In a typical soliton-based self-writing scenario, this represents the writing phase. The soliton can be used in readout either by using less intense light or at wavelengths that are not absorbed by the photorefractive impurities, to waveguide and to enact electro-optic functions such as soliton electro-activation for switching. Now the scheme is changed here in the following manner. In the writing phase the launch beam polarization is rotated so that θ = π/2, that is, orthogonal to the external bias field. The input ( figure 2(d) ) and diffraction (figure 2(e)) intensity distributions are the same as in the previous case. However, now when the voltage V = 1.1 kV is applied, propagation still remains approximately scalar, i.e. beam polarization remains unchanged during transmission, but the electro-optic response is diminished because g eff = g 12 −0.02 m 4 C −2 (|g 12 | < |g 11 |). The result is that during the writing phase after a time t f ∼ t s , i.e. in approximately the same conditions of the soliton formation scheme, no beam dynamics and beam self-action are detected, as testified by the spread out intensity distribution of figure 2(f). The beam simply continues to diffract. Thus, although the space-charge accumulates into a quasi-permanent pattern leading to a point-dependent electric field E, this does not translate into a change in light behavior. Evidently, no soliton has formed. This concludes the writing phase for a single waveguide. The readout phase, in turn, is carried out by reactivating the electro-optic response by launching a beam polarized with θ = 0, so that g eff = g 11 . We did this by using the same beam implemented in the writing phase but with an attenuated intensity, from the original 800-10 nW, so as to change the underlying space-charge pattern for time scales ∼10 2 t s , much longer than the duration of our readout experiments. Propagation in the activated pattern imprinted by the diffracting Gaussian beam in general leads to beam re-shaping. However, if the writing phase lasts t f t s , i.e. equal to the interval required to achieve transient selftrapping, the readout beam is guided, as shown in figure 3 , where the diffracted intensity distribution (figures 3(a)-(c) x y 7.5 μm ( figure 3(d) ), which is equal to the input values, even though the tails in the y direction suffer a slight distortion ( figure 3(f) ).
Finally, we analyzed the underlying index of refraction pattern by having a weak plane wave propagate on the pattern with θ = 0 applying V = 1.1 kV. Results for the output intensity distribution are shown in figure 4 for the two cases of a soliton ( figure 4(a) ) and a diffracting pattern ( figure 4(b) ). Note how the anti-guiding lateral lobes typical of needle solitons [23] are more distant and spread out in the waveguiding pattern case.
Discussion
There are two principal aspects to the method outlined above. The first is how the optical response is deactivated and activated during the writing and readout phases, respectively. The second is how and why in certain conditions beam reshaping in the pattern formed by a diffracting beam can lead to an approximate waveguiding effect.
The fact is that in photorefraction the accumulation of a space-charge field E produced by an intensity distribution I is wholly independent of the fact that the crystal has an efficient electro-optic response or not. So, even when no electro-optic response should intervene, this, notwithstanding the spacecharge field, will be imprinted in the volume, as discussed in previous literature [24] . How the electro-optic response can be activated and deactivated is a different matter and is tied to the details of the electro-optic terms. So, in the case of a paraelectric, n(E) can be switched on/off by changing the crystal temperature T , since r is strongly dependent on T in proximity to the phase-transition. It can also be rendered strong or weak by playing with the beam polarization, in so much that the effect on light polarized orthogonal to the direction of the electric field is noticeably weaker than that of a beam polarized parallel to it. This is generally also true for noncentrosymmetric ferroelectrics, where, for example, the off-diagonal linear electro-optic coefficient r 12 is generally only a fraction of the diagonal r 11 coefficient.
How a diffracting pattern can lead to approximate guiding can be attributed to the saturation in the photorefractive screening-like response in and around t s [15] . This picture has, however, only been established for the simpler case of one-dimensional beams, that is, beams that diffract only in the x direction. It remains to be understood in what way this explanation is applicable to the two-dimensional beam case reported here. To this end, we have provided the results in figure 4 , since here it is evident how the diffracting pattern still retains some of the features of anisotropy of the conventional screening needle soliton, even though differences are marked. Clearly, these aspects require further investigation, but that does not take from the fact that we now have a technique, valid also for ferroelectric samples, for writing multi-waveguide circuits without having to handle nonlinear beam dynamics during the writing stage.
